ABSTRACT: During the last decade, an Indo-Pacific scyphomedusa, Rhopilema nomadica, penetrated the eastern Mediterranean. Annual blooms of the medusa near the Israeli coast were observed during the summer months of the years 1989 to 1992. R. nomadjca migrated northward from the Israeli coast towards Lebanon and Syria and has not been found elsewhere in the Mediterranean. Temperature dependence of the metamorphosis of R. nornadica polyps into strobila was studied in the laboratory. Rapid strobilation occurred between 18 and 20°C and a decline of strobilation was observed when the temperature was raised to 24 or 26OC. When water temperature was below 16"C, polyps did not strobilate, and below 13 "C, polyps did not feed, resulting in a gradual loss of polyp vitahty. Con~parison of the temperature regime in the Levant Basin and the dependence of polyp strobilat~on on temperature suggest that the spring rise in water temperature causes a rapid strobilation, whereas winter and summer water temperatures inhibit or diminish reproduction. Laboratory studies support the possibility that synchronization and annual occurrence of R. nomadica is controlled by seasonal changes in water temperature regimes, leading to rapid strobilation and release of ephyrae during springtime. The sensitivity of the polyps to low temperatures enables us to predict that the future dispersal of Rhopilerna nornadica may be limited to the eastern Mediterranean. This study emphasizes the importance of the effect of 1 abiotic factor on the physiology and the migration pattern of R. nomadica. This can be a good model for understanding the behavior and limiting factors of Indo-Pacific jellyfish migrating into non-tropical seas.
INTRODUCTION
The occurrence of medusae blooms in the Mediterranean has been known for a long time. Aggregations of Pelagia noctiluca were recorded along the western and central parts of the Mediterranean, in the Ligurian and Adriatic Seas (Zavodnik 1987 , Goy et al. 1989 , Axiak et al. 1991 . Blooms of F! noctiluca were recorded every 12th year for the past 200 yr (Goy et al. 1989) . These blooms were positively correlated with changes in several climatic variables that may have enhanced primary production, which in turn led to proliferation of the F! noctiluca populations. . These findings suggest that jellyfish blooms may b e caused by the ability of medusae to utilize plankton blooms produced by pollution-caused eutrophication (Legovic 1987) , or by their ability to utilize pollutants directly a s food (Muscatine & Matian 1982) . Annual swarming of scyphomedusae has previously been correlated both with temperature and nutrition. The life cycle of scyphozoans includes a benthic polyp stage that reproduces asexually and releases ephyrae, and a planktonic medusa stage that reproduces sexually. Optimal strobilation of Aurelia aurita on the Swedish coast was observed during autumn, when zoo-0 lnter-Research 1994 Resale of full article not permitted plankton biomass peaked (Hernroth & Grondahl 1983 , 1985 . Strobilation of Rhopilema esculenta in China, though dependent on nutrition, was delayed or inhibited when water temperature fell below 15 "C (Chen & Ding 1984 , Chen et al. 1985 . In a similar manner, onset of strobilation by the Atlantic species Cyanea sp. and Chrysaora quinquecirrha was triggered by raising the water temperature above 15°C (Calder 1974 , Brewer 1989 . Temperature thus appears to synchronize the annual appearance of some jellyfish species.
In the eastern Mediterranean, 7 scypnomedusan species were reported from the coasts of Israel, Lebanon, Turkey and Greece (Wilkerson & Dugdale 1983 , Galil et al. 1990 , Binge1 et al. 1991 , Lakkis 1991 . Large fluctuations in the jellyfish populations were found in the coastal waters of Lebanon during 1971 Lebanon during -1986 . These fluctuations were related to specific environmental factors that led to increased production of phyto-and zooplankton (Lakkis 199 1) .
In 1977, several specimens of an Indo-Pacific jellyfish species were observed along the Mediterranean coast of Israel. The species was determined as Rhopilema nomadica (Galil et al. 1990 ). Summer aggregations of this species have been observed along the Israeli coast since 1986. In recent years large aggregations of R. nomadica, some reaching 160 000 specimens km-2, were recorded at different localities along the Israeli coast (Lotan et al. 1992) . These 'population explosions' of R. nomadica have both environmental and economic consequences, including injury to bathers, damage to tourism, and reduced fishing harvests due to clogging of fishing nets (Lotan et al. 1992 ).
The present study determined the micro-and macrodistribution of Rhopilema nomadica in the Mediterranean, specifically aiming to correlate the spatial and temporal occurrence of this species with environmental factors expected to affect its distribution. We conducted surveys and field monitoring of medusae blooms along the Mediterranean coast, and laboratory experiments to determine the effects of temperature on reproduction and vitality of R. nomadica polyps. The prognosis for the future dispersal of R. nomadica in the Mediterranean and the influence of temperature on invasions of tropical scyphomedusae are discussed.
MATERIALS AND METHODS
Determination of density and dispersal of the medusae. Monitoring for localized swarms of Rhopilema nomadica along the 225 km of the Israeli coast was conducted during May-September 1989. The count was taken at a distance of 1 km offshore. The Israeli coast was divided into 9 sections of 25 km each. In every section, 5 transects were conducted twice a month. The average number of medusae was calculated from the total of 450 transects examined dunng this period.
Haifa Bay, located in the northern part of the Israeli coast, was sampled weekly during June of 1989 to May of 1990. The bay was sampled in 3 areas: north, center and south. In each area 3 grids of 1.8 km2 were examined. The average number of medusae during this period in Haifa Bay was calculated from the total of 455 transects. Weekly sampling in Haifa Bay was also carried out during June-October for 3 consecutive years (i990 to i992).
The number of medusae along a 1.8 km (1 nautical mile) transect was counted. The boat sailed at a constant speed of 3 m S-'. Counting was done from a fixed place at the front of the sampling boat, and the medusae within 10 m of each side of the boat were counted. Dense concentrations of medusae (> 2 specimens m-') were counted under a 1.5 m stick to a depth of ca 2 m. Some Rhopilema nomadica were collected by hand nets, and the bell diameter was measured on the boat to the nearest cm (the sample size, N, was 16 to 49 specimens).
In order to determine the full range of distribution of Rhopilema nomadica in the Mediterranean Sea, questionnaires including a detailed description and photograph of the medusa were distributed through the auspices of MED POL (Mediterranean Action Plan, United Nations Environment Programme) to marine stations of countries bordering the Mediterranean Sea.
Laboratory experiments with polyps. Rhopilema nomadica polyps were cultured in aquaria as described in Lotan et al. (1992) . The polyps were taken from a stock culture which was kept at a constant temperature of 22"C, with 12 h of illumination per day. Polyps were transferred directly into petri dishes with 30 m1 of filtered seawater. The dishes were maintained under the same light regime, with 12 h of illumination per day, but kept in incubators at different temperatures ranging between 11 and 26°C for a period of 6 wk. Polyps were fed twice a week with newly hatched nauplu of Artemia sp. (Sanders Brine Shrimp Eggs), and after 12 h the remnants of the Artemia were removed, keeping the same water. Three replicate series of petri dishes, each containing 8 polyps, were tested for each temperature. Survival, polyp strobilation and ephyrae released were recorded. For each parameter mean + SD was calculated. Percentage of polyp strobilation at different temperatures were arc-sine transformed and compared by using l-way ANOVA followed by the a posteriori test (Sokal & Rohlf 1969 Study of the distribution pattern of Rhopilema nomadica along the coast of Israel was conducted during summer 1989. Significant accumulations of the medusa were observed in the northern region of Israel, and the highest concentration was monitored at Haifa Bay (Fig. 1 ). This high aggregation could be a result of current regimes and water movements (Zavodnik 1987 ). or of a high concentration of nutrients in Haifa Bay (Wilkerson & Dugdale 1983) .
Aggregation of Rhopilerna nomadica in Haifa Bay was studied for an entire year in [1989] [1990] . Dense aggregations of the jellyfish were observed during the summer (Fig. 2) . The highest concentrations were counted during July and August. The large standard deviation ( Fig. 2 ) was due to differences in local concentrations of medusae in the north, center and south of Haifa Bay as described in Lotan et al. (1992) , and was not related to changes in the total number of jellyfish during July and August.
Summer aggregation of Rhopilema nomadica was studied in Haifa Bay during the years 1989 to 1992 (Table 1) . Concentrations of jellyfish during these years showed little variation. High similarity in date of initial occurrence, always in the second half of June, was observed. The population peaked at the beginning of August (see Fig. 2 ), and the last specimens were seen between September and November.
Strobilation and vitality of Rhopilema nomadica
polyps under different temperature regimes
The similarity of occurrence and bell diameter of Rhopilema nomadica during 4 consecutive years suggests the presence of a strong controlling mechanism which synchronizes the population dynamics of this species. Nutrient enrichment and temperature are the 2 most important factors previously shown to be implicated in synchronization of jellyfish populations. Large nutrient enrichment and high primary production occurs in Haifa Bay during the winter (Azov 1991), when few jellyfish were recorded (see Fig. 2 ). Therefore, temperature as a controlling factor in strobilation was tested. The temperature regimes selected for incubation of the polyps reflected both the temperature range prevahng in the Mediterranean and its duration. The minimum winter temperature is 11 "C in the Adriatic Sea, and the maximum summer temperature is 28.5 "C in the Levant Basin (Eastern Mediterranean). The ability of polyps to survive different temperatures as well as the influence of these temperatures on asexual reproduction were examined. Polyps were incubated for 6 wk at constant temperatures ranging between 11 and 26°C. All the polyps survived during the experiment, except polyps which were incubated at temperatures less than 13 "C. Polyps maintained at temperatures between 11 and 13°C for a period of 2 wk did not feed, and some polyps lost their vitality. These polyps became white or transparent and shrank to less than 25% of their original size. This result is similar to that reported by Chen et al. (1985) for Rhopilema esculenta.
Polyps kept at 14 or 16°C showed minimal strobilation throughout the 6 wk period of the incubation experiment (Fig. 3a) . Strobilations increased significantly (p < 0.001) when the polyps were subjected to a temperature of 18°C. Further elevation of the temperature reduced the time lag before onset of strobilation from 6 to 8 d at 18 "C to 4 to 6 d at 22 "C, but did not increase the percentage of strobilating polyps (see Fig. 3a ). Strobilation peaked between 18 and 22°C; at these temperatures more than 50 % of the polyps were strobilated. Further increases of the tem- Temperature ("C) perature to 24 or 26°C significantly decreased (p < 0.001) strobilation rates (Fig. 3a) . Under favorable temperature and nutritional conditions, polyps of Rhopilema nomadica enter second and even third strobilations (Lotan et al. 1992 , Fig. 3a) . The percentage of strobilating polyps and the number of released ephyrae decreased in the second strobilation (Fig. 3 ). All these results show dependence of polyp metamorphosis and reproduction on temperature. The success of asexual reproduction is dependent not only on the strobilation process, but also on the number of ephyrae released (Hernroth & Grondahl 1983) . A maximum of 5 or 6 ephyrae are formed per strobila of Rhopilema nomadica under optimal conditions (Lotan et al. 1992) . Water temperatures did not change the number of the ephyrae produced by each polyp during the first strobilation (Fig. 3b) . Therefore these results indicate that the strobilation process, rather than the number of the ephyrae on each polyp, is controlled by the water temperature.
The Israeli coastal shelf is characterized by high water temperature in the summer (25 to 28.5 "C, June to October) followed by a significant decrease during winter (16 "C, March). A quick warming of coastal waters occurs during spring (18 to 20°C, April) (Oren & Hornung 1972, Fig. 4) . The laboratory findings suggest that strobilation in the field should be inhibited by low winter temperatures and that the rise in temperatures during the spring should trigger the onset of synchronous strobilation in the polyps. Release of ephyrae within a short period at the beginning of spring (Fig. 4) would then explain the synchronous annual aggregation bloom of the medusae in July-August. This is based on the assumption that ephyrae released from polyps during spring (diameter of 2 mm, Lotan et al. 1992) , develop into mature medusae of 170 mm within 3 mo (see Table 1 ). This assumption is supported by findings on rapid growth in other jellyfish species. For example, Aurelia aunta in the Kiel Fjord grow from 2 mm ephyrae to 156 mm medusae in 3 mo (April to July) (Moller 1980) ; and Chrysaora quinquecirrha in the laboratory increased in size at a rate of 10 % d -' (Larson 1986) . Cyanea sp. in the Niantic River doubled in size in only 12 d (Brewer 1989) .
Distribution of Rhopilema nomadica in the eastern Mediterranean
Rhopilema nomadica was first reported along the Israeli Mediterranean coast in 1977. Ten years later, large aggregations of this jellyfish were a familiar sum- mer phenomenon. R. nomadica was not reported during the same period near the Lebanese and the Turkish coasts. This raises the question of whether migration of R. nomadica is limited to the Israeli coastline, or whether it is spreading into other parts of the Mediterranean. We attempted to verify the macrodistribution of Rhopilema nomadica by obtaining data, using detailed questionnaires, from marine stations along the Mediterranean. Responses to this questionnaire were received from 70 % of the countries, providing at least 1 Table 2 ) . Negative answers conin Syria, as compared with 1.6 X 105 in Israel).
A total of 500 km of coastal water was colonized by the medusa during a 14 yr period (Fig. 5) . The direction of medusa dispersal is from south to north, and the jellyfish is probably transported northwards by the prevailing counterclockwise currents of the southeastern Mediterranean (Almagor & Hall 1984) . The continental margin of southern Israel and Egypt is regarded as the northeastern extension of the Nile Delta, and is characterized by sandy sediments (Almagor & Hall 1984). Therefore, the absence of Rhopilema nomadica from the coastal waters of Egypt might be due to the lack of sufficient rocky substrates necessary for polyp settlement. The absence of R. nomadica from the coastal waters of Cyprus (less than 180 km from Lebanon), may indicate that deep water acts as a barrier to the continuous dispersal of the medusa. (Lakkis & Zeidane 1991) . By 1991, the estimated population size in Lebanon was equal to that of Haifa Bay (see Table 3 ). Aggregation of R. nomadica has also been observed in the coastal waters of Syria (based on the answer to the questionnaire from Tichreen University at Lattakia). However, the population density of R. nomadica along the Syrian coast Table 3 . Chronology of range extension of Rhopilema nornadica was described by Carlton (1985) . The dispersal Galil et al. (1990 ) Lakkis & Zeidane (1991 , and answers to Reports in the the questionnaire of MED POL (see Table 2 ) popular press 'Answers to the questionnaire of MED POL C Lotan et al. (1992) (see Table 2) LITERATURE CITED of R. nomadica through ballast water to the southwestern parts of the Levant Basin (Libya, Egypt), where temperature conditions are appropriate, may eventually occur despite the anticlockwise current along the Levant coast. A detailed survey of ballast water migrations has revealed colonization by Indo-Pacific scyphomedusae into areas with temperate climate, whereas no representatives of this group have yet been recorded migrating from the IndoPacific to cold water seas (Carlton 1985) . In a similar manner, 2 Indo-Pacific scyphomedusae Almagor, G., Hall, J. K. (1984) (1974) . Strobilation of the sea nettle, Chrysaora quinquearrha, under field conditions. Biol. have colonized the Levant Basin (Galil et al. 1990) . The ephyra or scyphistoma stages of the Based on this study, low winter temperatures in shaljellyfish life cycle enable such migrations via ballast low waters are expected to be the main barrier to range water (Carlton 1985 , Lotan et al. 1992 . However, at extension of Rhopilema nomadica westward beyond present, the dispersal pattern of the new colonies of Greece ( Table 2 ) . Jellyfish migration by ballast water medusae is restricted to areas in which water temperatures resemble those of the Indo-Pacific. Therefore, we suggest water temperature as a universal limiting factor for migration of Indo-Pacific scyphomedusae into non-tropical seas. 
